Optical control of atomic interactions in a quantum gas is a long-sought goal of cold atom research. Previous experiments have been hindered by short lifetimes and parasitic deformation of the trap potential. Here, we develop and implement a generic scheme for optical control of Feshbach resonance in quantum gases, which yields long condensate lifetimes sufficient to study equilibrium and nonequilibrium physics with negligible parasitic dipole force. We show that fast and local control of interactions leads to intriguing quantum dynamics in new regimes, highlighted by the formation of van der Waals molecules and partial collapse of a Bose condensate.
Spatiotemporal control of interactions would bring a plethora of new quantum-mechanical phenomena into the realm of ultracold atom research. Temporal modulation of interactions is theoretically proposed as a route for creating anyonic statistics in optical lattices [1, 2] as well as new types of quantum liquids [3, 4] and excitations [5] [6] [7] . Spatial modulation would grant access to unusual soliton behavior [8, 9] , controlled interfaces between quantum phases [10] , stable nonlinear Bloch oscillations [11] , and even the dynamics of acoustic black holes [12] . The conventional technique for controlling interactions in cold atoms, magnetic Feshbach resonance [13, 14] , is typically insufficient for these applications because the magnetic coils are generally too large for very fast or local modulation.
A promising alternative is optical control of Feshbach resonance (OFR). With laser beams, high spatial resolution and high speed control of interactions can be realized by optical modulators. Efforts toward achieving OFR in quantum gases have made significant progress [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] but encountered two major obstacles. First, in previous experiments OFR has limited the quantum gas lifetime to the millisecond timescale [20, 26] due to optical excitation to molecular states. Short lifetimes forbid studies of quantum gases in equilibrium or after typical dynamical timescales. Second, the change of interaction strength from OFR is often accompanied by an optical potential. This potential can result in a parasitic dipole force which dominates the dynamics when the interactions are spatially modulated [23] .
In this report we propose and implement a novel scheme for optically controlling interactions while maintaining long quantum gas lifetime and zero parasitic dipole force. With a far detuned laser, a change of the scattering length a, which determines the interaction strength, by 180 Bohr radii (a 0 ) is only coupled with a slow radiative loss of (0.63 s) −1 . This loss rate is two to four orders of magnitude lower than previous reports with a similar change in scattering length and allows the BEC to remain in equilibrium. Furthermore, the laser operates at a magic wavelength to eliminate the atomic dipole potential. We apply this OFR scheme to test the response of BECs to rapid oscillation of interactions down to the timescale of 10 ns, reaching beyond the van der Waals energy scale. By spatially modulating the interactions we observe intriguing dynamics, including the formation and collapse of solitons within a condensate.
We optically control Feshbach resonances by using a far-detuned laser to light shift molecular states near the atomic scattering threshold (FIG. 1) . The large detuning from all atomic and molecular transitions offers low heating and loss rates for the quantum gas. For a laser with intensity I, the total light shifts of atoms (subscript a) and molecules (subscript m) are given by (see supplement)
where α is the scalar polarizability and the vector polarizability βµ depends on the magnetic moment µ. Since our target molecular states are very weakly bound, they have similar polarizability to free atoms: α m ≈ 2α a and β m ≈ β a ≡ β (supplement). Assuming the molecular and atomic magnetic moments differ µ m = 2µ a , the vec- Stable optical control of scattering length at a magic wavelength λM. a, Theoretical polarizability of Cs atoms in the absolute ground state for σ + polarization (supplement). The red marks the magic wavelength where polarizability is zero. b, Measured polarizability (green •). A linear fit yields λM = 869.73(2) nm (red ). c, Number of condensed atoms remaining over time with (red •) and without (blue ) exposure to OFR at a magnetic field of 48.19 G. We fit the decay dynamics (red and blue curves) and find that OFR exposure adds a one-body loss process with a time constant of 0.63(2) s (supplement) at intensity I = 225 W/cm 2 . d, Scattering length a determined from the free expansion of BECs with (red •) and without (blue ) exposure to the OFR laser. When the scattering length becomes negative (a < 0) the condensate collapses (×). The red and blue curves derive from a single fit to all a > 0 data using Eq. 2, which yields ∆ = 157(3) mG, B0 = 47.766(4) G, and βI = −38(1) mG. e, In situ images of BECs at 47.97 G (dashed line in d) after ramping on the OFR intensity over 200 ms. Each image is the average of 10 trials. All error bars show standard error.
tor light shift can bring the molecular states closer to the scattering state, inducing a resonant atom-molecule coupling. Moreover, we choose a magic wavelength λ M to eliminate the dipole force on the atoms (δE a = 0) [27] , such that only the molecular shift
remains (FIG. 1) . Under these conditions the laser can change the scattering length without creating parasitic dipole forces. This scheme can be implemented in atomic species with a magnetic Feshbach resonance and a magic wavelength far detuned from electronic transitions (supplement). We implement this OFR scheme in cesium BECs prepared with a small positive scattering length near the Feshbach resonance at 47.8 G (see supplement for experiment details). Theoretically, one possible magic wavelength is 869.7 nm for a σ + polarized laser, which is far detuned from all electronic transitions but maintains a large vector polarizability (FIG. 2a) . We confirm the magic wavelength experimentally by measuring the dipole force of the OFR laser on the atoms (supplement). From the extracted polarizability, we determine the magic wavelength to be λ M = 869.73(2) nm (FIG. 2b) . At the intensity I = 225 W/cm 2 used for most of this work, we estimate that the residual dipole potential k B × 1 nK is negligible compared to our typical chemical potential of k B × 10 nK, where k B is the Boltzmann constant. With uniform exposure to this intensity, the loss induced by OFR is well explained by a one-body time constant of 0.63(2) s (FIG. 2c) .
To precisely determine the change of scattering length, we allow the BEC to freely expand with and without exposure to the OFR laser and measure the size of the gas after expansion [28, 29] (supplement) . FIG. 2d shows the shift of scattering length induced by the laser near the 47.8 G Feshbach resonance. We fit the scattering lengths with a theoretical model [14] 
where B(I) = B ex + βI is the effective magnetic field including the OFR contribution βI (Eq. 1) and the external field B ex , a bg ≈ 950 a 0 is the background scattering length at this Feshbach resonance [30] , ∆ is the width of the resonance, and B 0 is the resonance position. The fit yields βI = −38(1) mG, sufficient to decrease the scattering length from 180 a 0 to zero. Interaction modulation spectroscopy. The BEC at 47.976 G is exposed for a time t to the OFR beam, which is intensity modulated at frequency ω/2π. The number of condensed atoms remaining after exposure, normalized to the off-resonant number, is measured under three conditions: (•) t = 100 ms with no optical lattice; (•) t = 20 ms with a one dimensional optical lattice of depth h × 9.3 kHz; (inset ) t = 500 ms with no optical lattice. Resonances are observed at 0.89 (1), 8.18(2), 133 (7), 197(1), and 11,649(2) kHz, determined from fits (solid curve) to each resonance (Gaussian for 133 kHz, Lorentzian for others). The illustrations indicate the nature of each resonance. The van der Waals energy scale is E vdW = h × 2.7 MHz for Cs molecules.
measure the resulting column density profiles (FIG. 2e).
Higher OFR intensities shrink the BEC and increase its density, consistent with weakening the repulsive interactions. A mean-field analysis yields scattering lengths in excellent agreement with the free expansion measurement (supplement).
The stability of this scheme enables us to explore temporal and spatial control of interactions in a quantum gas. We first perform interaction modulation spectroscopy by recording the response of the BEC to an OFR beam with oscillating intensity, see FIG. 3. We observe a variety of resonance features over a wide range of timescales, highlighting the versatility of this technique.
At lower frequencies we observe excitations in the trap and in the optical lattice which directly result from the oscillating scattering length. This demonstrates that plentiful theoretical proposals [1] [2] [3] [4] [5] [6] [7] which require rapid oscillation of scattering length in the bulk or in the lattice are well within reach of our scheme.
At higher frequencies the oscillating OFR intensity induces formation of molecules.
We identify resonances corresponding to a virtual state at 133(7) kHz, a weakly-bound Feshbach molecular state at 197(1) kHz, and a deeply-bound van der Waals molecular state at 11.649(2) MHz. All observed resonance positions are in excellent agreement with theoretical calculations (supplement). These resonances provide direct evidence that OFR can access interaction physics on timescales as short as 10 ns.
Next, we demonstrate spatial modulation of the interaction strength within a quantum gas. For this experiment we employ an OFR beam which is small compared to the size of the BEC, leading to a reduced scattering length only in the center of the gas. After preparing the BEC we quickly turn on the OFR beam and simultaneously change the magnetic field. We study the subsequent dynamics of the sample by measuring its in situ density profile over time (FIG. 4) . For example, when the interactions remain repulsive throughout the condensate (FIG. 4a) , we observe collective excitations for the duration of the experiment. For all images the small distortion at the center of the gas results from the dipole potential due to slightly non-uniform laser polarization (supplement).
Intriguing quantum dynamics occur when the interactions become locally attractive. When the scattering length is negative in a small region near the center of the trap (FIG. 4b) , we observe a brief period of transverse compression followed by a rapid drop in central density between 20 and 32 ms after the quench, signalling local collapse of the condensate (illustrated in FIG. 4d) . A large fraction of the sample survives at the edges for more than 100 ms. With even stronger attractive interactions (FIG. 4c) , faster central collapse occurs after 8 ms. Subsequently, the dense remnants at the edge of the sample move toward the center of the trap (see white dashed lines in FIG. 4c) . Beyond 32 ms only thermal gas survives, indicating that the remnants have undergone further collapse. Based on this behavior, we identify these remnants as bright matter wave solitons [31] , which form at small negative scattering length but become unstable when the scattering length drops below a critical value. The variety of behaviors observed in this experiment establishes the richness of the quantum dynamics accessible with space dependent interactions.
In conclusion, we implement a generic scheme for optically controlling interactions in quantum gases. This scheme overcomes the key challenges encountered by past approaches to OFR. Fast and local control of interactions in a quantum gas enables studies of novel quantum dynamics and has great potential in the fields of quantum simulation and engineering, opening a new frontier of interaction-driven quantum phenomena.
Our experiments test optical control of Feshbach resonances in almost pure BECs of cesium atoms formed in a crossed beam optical dipole trap (wavelength λ = 1064 nm). This harmonic trap has typical horizontal frequencies (ω x , ω y ) = 2π × (12, 30) Hz and vertical frequency ω z controlled by the beam intensities, which we vary from 2π × 70 Hz to 2π × 470 Hz to suit the needs of individual experiments. Our samples typically contain from 3∼10×10
3 atoms with peak densities from 1∼4×10 13 cm −3 . An objective lens (NA=0.5) oriented vertically collects our in situ absorption images with ∼1 µm resolution. When we test the response of condensates in optical lattices to oscillating OFR intensity, one of the horizontal trapping beams is retro-reflected to create a 1D optical lattice with spacing d = 532 nm and depth h × 9.28 kHz. For most of the experiments described in this paper we form our BECs near the d-wave magnetic Feshbach resonance at 47.8 G [32] with a small and positive scattering length of a = 200∼300 a 0 . The magnetic field in our system is stable to within 1 mG with systematic calibration error of 5 mG, sufficient to form stable BECs.
We optically control interactions with the intensity of the OFR laser, which propagates along the magnetic field direction. The change of scattering length due to OFR is insensitive to small changes in the wavelength and polarization of the OFR laser, however both parameters must be carefully controlled to eliminate the residual light shift. The source of the laser is a free-running singlemode diode with 100 mW output power, which can be tuned via its temperature. We determine the laser frequency using a wavemeter with an accuracy of 100 MHz, sufficient to make the residual light shift negligible.
The temporal modulation experiment (see Fig. 3 in main text) requires rapid control of the beam intensity. We send the OFR beam through an acousto-optic modulator (Isomet 1205C-1) and use a fast RF switch (MiniCircuits ZFSWA-2-46) to control the acoustic wave which drives the modulator. We measure the 3 dB bandwidth of intensity modulation to be 10 MHz.
Theoretical calculation of light shift, scattering rate and performance of OFR
To predict the magic wavelength λ M and the effective field shift βI from OFR (main text Eq. 1) we calculate the scalar and vector polarizabilities. Our Cs atoms are prepared in the absolute hyperfine ground state |F = 3, M F = 3 where the total angular momentum F = J + I is the sum of electron angular momentum J = 1/2 and nuclear spin I = 7/2, and M K (K = F, J) is the projection onto the quantization axis.
At low field we have
The scalar (α) and vector (βµ) AC polarizabilities of an atom for detuning which is large compared to the hyperfine splitting are [33] 
where |f represents a relevant excited state, 0 is the vacuum permittivity, c is the speed of light, j 1 j 2 j 3 j 4 j 5 j 6 is the Wigner 6-j symbol, | f ||d||i | and ω f i are the reduced dipole matrix element and resonance frequency for the transition from |i to |f (Table I) , ω is the laser frequency, M J is the projection of J i onto the laser propagation direction, and A = (I σ + − I σ − )/I accounts for the beam polarization. We include in the calculation only the D1 and D2 transitions, which dominate in the wavelength range that we consider. The next most significant excited state provides a correction at the 10 −3 level, which is negligible for our purposes. We set M J to its expectation value of < M J >= −3/8 for atoms in the |F = 3, M F = 3 state. The calculated polarizabilities are shown in FIG. S1.
The figure of merit M for choosing the wavelength and polarization of the laser is the ratio of the effective field shift βI from OFR to the photon scattering rate s(I), M = βI s(I)
where d
is the squared dipole matrix element, C ± f i is a numerical factor primarily accounting for the Clebsch-Gordan coefficients with beam polarization σ ± , and Γ f is the spontaneous emission rate of the excited state |f (Table I) . A larger absolute value of M indicates a greater shift in molecular states for a fixed quantum gas lifetime.
M is optimized by using pure circular polarization. The magic wavelengths for σ + and σ − polarization are both suitable choices with almost identical M to within 5%. They remain differentiated by the direction of the change in scattering length, da/dI < 0 for σ + and da/dI > 0 for σ − . We employ σ + polarization with M = −130 mG·s at the magic wavelength λ M = 869.7 nm.
Optimal performance of our OFR scheme is obtained when a laser with maximum M is employed near a proper magnetic Feshbach resonance. The sensitivity of scattering length to the OFR shift (based on Eq. 2 of the main text) is
near the zero crossing B(I) = B 0 + ∆ where the condensate can be stable. This result suggests that a narrow resonance with a large background scattering length will offer wide tunability for a given laser intensity. However, one must be cautious to avoid extremely narrow resonances which can greatly enhance the three-body recombination rate. In this work we choose the Feshbach resonance at 47.8 G, for which we have a bg /∆ = 6.6 a 0 /mG from coupled channel calculations [30] .
Overall, optimal performance is obtained via the independent optimizations of M , which is determined by the laser, and da/d(βI), which is determined by the choice of Feshbach resonance. In our system the product of these two factors yields M (a bg /∆) =−860 a 0 ·s. This value indicates that a decrease in scattering length by 860 a 0 should be possible with a scattering rate of 1/s. 87 Rb in |F = 1, M F = 1 , the 1007.4 G resonance [19] has a sensitivity of da/d(βI) = 0.5 a 0 /mG [14] , which would allow a change of scattering length by 100 a 0 with a 5/s one-body scattering rate. If a magic wavelength is not required, then the interstate Feshbach resonance at 9.13 G [34] offers da/d(βI) = 6.7 a 0 /mG, where a is the scattering length between the |F = 1, M F = 1 and |F = 2, M F = −1 . This resonance allows a change of 300 a 0 with a 1 s −1 scattering rate, enabling many interesting studies with optical control of interstate scattering.
Beyond alkali atoms, quantum gases of heavy, magnetic atomic species like erbium and dysprosium [35, 36] are promising candidates for OFR. Their rich sets of optical transitions provide many options for obtaining a favorable ratio of the vector light shift to the scattering rate. Moreover, such highly magnetic elements have an abundance of Feshbach resonances [37, 38] , many of which could provide favorable properties for implementing OFR.
Measurement of polarizability
We determine the polarizability near the magic wavelength by measuring the displacement of the BEC caused by the OFR laser. For this experiment we operate at B = 22 G where the dependence of interactions on the OFR shift is negligible. We prepare the OFR beam with a waist of 70 µm, which is large compared to the BEC, and displace the beam to achieve a slope of dI/dx = 5 (W/cm 2 )/µm across the sample. A finite total polarizability γ = α + βµ leads to a force of F = γdI/dx on the atoms, which offsets the center of the harmonic trap by ∆x = F/mω 2 x . By measuring the shift in the center of the BEC, we extract the polarizability
yielding the data shown in FIG. 2b of the main text.
We find the magic wavelength to be λ M = 869.73(2) nm for σ + polarization, in fair agreement with the prediction of 869.66 nm. We attribute the difference to the electronic transitions not included in the calculation and the imperfect beam polarization; we estimate that I σ − ≈ 0.005I.
In addition, at the magic wavelength we test the assumption that β m ≈ β a ≡ β for weakly-bound molecular states. We measure the effective field shift βI induced by the laser using microwave spectroscopy. We compare the microwave result to the shifts in energy of g-wave and d-wave molecular states. Within 5% all methods yield values which are consistent with the theoretical prediction (Eq. S2).
Extracting scattering length from BECs after free expansion
A precise way to measure the scattering length is to release the BEC from the harmonic trap, simultaneously switch the magnetic field and OFR beam intensity, and measure the BEC radius after a period of free expansion. This method yields measured radii R which scale as a 1/2 , making it more sensitive than in situ measurements or free expansion measurements with constant magnetic field which yield R ∝ a 1/5 [29] . Ref. [28] shows that, during expansion, the BEC density profile is parabolic with time-dependent Thomas-Fermi radii R k (k = x, y, z). The time evolution of the ratios λ k (t) ≡ R k (t)/R k (0) is described by the three coupled differential equations,
where ω k is the trap frequency before release, a i = 250a 0 is the scattering length before release, and a f is the scattering length during expansion which is determined by the magnetic field and OFR intensity. Note that there is one equation for each λ k and the trap frequencies are independently calibrated, such that the only unknown variable is the scattering length.
To determine a f as a function of magnetic field and OFR intensity, we execute the experimental procedure over a range of magnetic fields with and without exposure to the OFR beam at I = 225 W/cm 2 . For this experiment we use a vertical trapping frequency of ω z = 2π × 105 Hz much greater than the horizontal frequencies of (ω x , ω y ) = 2π × (14, 31) Hz, which causes the Extraction of scattering length from in-situ BEC density profiles
We fit the measured in-situ column density of BECs with a Thomas-Fermi density profile [39] n(x, y)
where
is the peak column density, and R k = ω 
Condensate lifetime with OFR
In the presence of the OFR laser, we expect the lifetime to be limited by one-body off-resonant scattering of photons, since our scheme does not rely on proximity to resonant atomic or molecular transitions. In practice, while we predict the one-body loss process to have extremely weak wavelength dependence, we find significant wavelength dependence of the lifetime within the 40 GHz tuning range of our laser. We attribute this observation to the two-body loss caused by photoassociation or molecular resonances which happen to be within the tested wavelength range. After finding a wavelength which minimizes this loss, we make minute adjustments to our laser polarization to shift the magic wavelength to the loss minimum. The required change in polarization is small, such that its effect on the effective field shift is negligible.
Having minimized two-body loss, we model the lifetime by accounting for the one-body loss process induced by OFR and the pre-existing three-body loss process. With both processes the decay of density n is described by the differential equation
where L 1 (L 3 ) is the one-(three-)body decay constant. We assume that the loss is slow such that the system remains in equilibrium. Integrating the Thomas-Fermi density profile [39] over space with fixed scattering length and absorbing trap-dependent factors into the modified decay constant L 3 we obtain,
which describes the decay of total atom number in the presence of one-and three-body loss. Note that the onebody lifetime is independent of trap geometry. To determine the lifetime experimentally, we compare the decay of condensate number with and without exposure to the OFR laser at B ex = 48.19 G (main text  FIG. 2c) . We chose this field to obtain realistic decay rates near the Feshbach resonance but be far enough away to avoid inducing condensate dynamics or significantly altering the three-body loss with the OFR beam. We keep the trap depth constant throughout the decay, so that the BEC continues to evaporate and maintain an approximately constant temperature while exposed to the laser. With no OFR exposure we fit the decay to the numerical solution of Eq. S9 with negligible L 1 and find L 3 = 5.6 × 10 −4 s −1 in our trap geometry. We use this fixed value to fit the decay in the presence of OFR to Eq. S9 and obtain L 1 = 1.58(4) s −1 , corresponding to a time constant of τ = 1/L 1 = 0.63(2) s, with OFR intensity 225 W/cm 2 . The fitted time constant represents two orders of magnitude improvement over existing OFR schemes, but it is still shorter than the off-resonant scattering time constant of 3.2 s (Eq. S3). We expect that the lifetime is shorter than the scattering time constant because the recoil heating from a single scattering event is k B ×200 nK, much larger than the critical temperature T C ≈ 30 nK of the condensate. Thus each scattering event can lead to the loss of multiple atoms from the condensate. There may also be a contribution from photoassociation resonances or molecular transitions which remain near the chosen wavelength.
Theory comparisons for temporal modulation resonances
We have determined the origin of each of the resonances excited by interaction modulation spectroscopy (main text FIG. 3) . The first resonance at 890(10) Hz corresponds to excitation in the vertical harmonic trap. Since the BEC density is even across the trap center, the oscillating interaction strength provides an even perturbation which can only excite the gas to states with the same parity as the ground state; thus the first excited state is forbidden. The ratio of the resonance frequency to the vertical trapping frequency of 470 Hz is 1.9, suggesting that the samples are close to the quasi-2D regime (chemical potential µ 470 Hz) and OFR is driving excitations to the 2nd excited harmonic oscillator state.
The second resonance at 8.18(2) kHz corresponds to excitations to the second excited band of the optical lattice. For comparison we perform band structure calculations for our lattice depth of h × 9.28 kHz, yielding energies of h × 6.58 kHz and h × 8.18 kHz for the zero quasimomentum states in the first and second excited bands, respectively. The observed resonance is consistent with transitions to the second excited band; no resonance appears at the first excited band energy because the parity of the ground state is again conserved. Transitions to higher parity-allowed bands are also not observed, which we attribute to the weaker coupling strength to those states.
The highest three resonances correspond to coupling of the free atoms to Cs 2 molecular states. The process is analogous to the binding of dimers with an oscillating magnetic field [40] . The locations of the observed features are consistent with known Cs 2 molecular states (FIG. S4) . We compare our data to coupled channel calculations [30] at the average effective magnetic field B = 47.957 G. The 133(7) kHz resonance corresponds to a molecular state above the atomic threshold, with an energy of 95 kHz based on extrapolation of coupled channel calculations into the continuum. The feature is broad because the molecular state is embedded in the continuum. The 197(1) kHz resonance corresponds to a primarily dwave bound state calculated to be at 208 kHz and the 11.649(2) MHz resonance corresponds to a g-wave bound state calculated at 11.731 MHz [30] . These molecules are individually stable, but their collisions with each other and the remaining atoms lead to net loss of atoms from the trap.
